Abstract. Sphingosine kinase 1 (SphK1) is a tumor-associated protein overexpressed in numerous types of cancer and is involved in the regulation of resistance to multiple chemotherapeutic agents. However, the role of SphK1 in the resistance of hepatocellular carcinoma (HCC) to oxaliplatin remains unclear. In the present study, the transcriptional levels of SphK1 were analyzed in 21 patients with HCC and the SphK1 expression levels were identified to be significantly upregulated in HCC tissue compared with that in adjacent normal tissue samples (P<0.001). High SphK1 expression correlated with shorter overall survival times in patients with HCC (P<0.05). Furthermore, SphK1 expression levels and activity were analyzed in a series of HCC cell lines and they were both demonstrated to be associated with resistance to oxaliplatin. Conversely, the knockdown of SphK1 protein expression resulted in decreased oxaliplatin resistance in SK-Hep1 and HCCLM3 cell lines. In addition, the results of the current study demonstrated that the downregulation of SphK1 decreased the levels of phosphorylated AKT serine/threonine kinase (Akt) and glycogen synthase kinase-3β (GSK3β), suggesting that SphK1 promotes oxaliplatin resistance of HCC cells via modulation of the Akt/GSK3β signaling pathway. To the best of our knowledge, the present study is the first to report that SphK1 is associated with poor prognosis and oxaliplatin resistance in HCC. Thus, the findings of the current study have provided a direction for the identification of novel therapeutic targets for the treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common malignancy worldwide and the third most common cause of cancer-related deaths. Although the diagnosis and treatment of HCC have greatly improved, more than 1.23 million new cases are diagnosed each year and the 5-year survival rate is still <15% (1, 2) . Surgical resection is the important way to cure the HCC, unfortunately, most patients (approximately 80%) with HCC are unsuitable for surgery because of early invasion and extrahepatic metastases, underlying liver disease or comorbidities (3) . Therefore, surgical resection combined with chemotherapy or chemotherapy alone was used as a hope to prolong the patient's life. However, abnormal metabolic environment of HCC cells will restrict the curative effect and survival, because of resistance to chemotherapy after long-term drugs used (4, 5) . For example, Etoposide, 5-Fluorouracil, Cisplatin, and their combinations have demonstrated multi-resistance for the treatment of HCC (6) . Oxaliplatin, a third-generation platinum compound, has been widely used in the treatment of a variety of cancers and achieved excellent results in clinical applications (7) . It is also considered to be a potential advantage drug of HCC because of the few cytotoxic in terms of nephrotoxicity and myelosuppression (8) . Previous studies showed that oxaliplatin could increase the autophagy role of HCC cells, which eventually result in a tumor resistance response in HCC (8) . However, the mechanism of oxaliplatin-resistance in HCC remains undetermined.
Sphingosine kinase is a conserved lipid kinase that catalyzes the phosphorylation of sphingosine to form sphingosine-1-phosphate (S1P), which potentially regulated the biological processes, including cell proliferation, motility, differentiation, apoptosis, and angiogenesis (9) . Two isoforms of mammalian Sphingosine kinase 1 and 2 (SphK1 and SphK2) have been cloned and characterized (9) . Recently, the role of SphKs in cancer (SphK1 in particular) has received considerable attention. Elevated expression of SphK1 has been observed in multiple types of cancer, and promoted cell survival and growth (10, 11) . Furthermore, high SphK1 expression has been associated with poor prognosis in patients with glioblastoma or breast cancer (12, 13) . Previous studies also found that blockade of the SphK1 signaling pathway may reprogram cellular responsiveness to tamoxifen and abrogate antiestrogen resistance in human breast cancer cells (14) . SphK1 also involved the resistance of chemotherapy drugs in colorectal cancer and pancreatic cancer (15, 16) , but little is known about the SphK1 in HCC.
In the present study, we demonstrate that high SphK1 expression levels were correlated with shorter overall survival, and it is one of the important factors that facilitates resistance to the oxaliplatin in HCC. Furthermore, knockdown of SphK1 markedly suppressed the phosphorylations of AKT serine/threonine kinase and glycogen synthase kinase-3β (Akt and GSK3β) in SK-Hep1 cells, and suggested that SphK1 promote oxaliplatin resistance of HCC cell via modulating the Akt/GSK3β pathway. Thus, these findings suggest that the cellular response to oxaliplatin can be reprogrammed by manipulation of the SphK1 pathway, and may provide a new way to overcome oxaliplatin resistance in the treatment of HCC.
Materials and methods
Patients and tissue samples. A total of 21 paired human primary HCC tissues and adjacent non-tumors tissues (at least 3 cm from the edge of tumor) were obtained from patients who were recruited into a clinical trial at Xinchang People's Hospital between 2008 and 2010. The 21 HCC patients were classified into two groups according to the median level of SphK1 expression: The median level and above considered as high expression (n=11), and lower than the median level considered as low (n=10). All patients have no received irradiation or chemotherapy before surgery and the final diagnosis was based on the pathological diagnosis after surgery. The present study was approved by the ethics review board of Xinchang People's Hospital, and all patients signed informed consent forms.
Cell culture and transfection. Five HCC cell lines (Hep3B, HepG2, HCCLM3 and SK-Hep1) were obtained from the American Type Culture Collection (ATCC), and normal liver cell line (HL-7702) was kept at our laboratory. All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen). For transfection, HCCLM3 and SK-Hep1 cells were seeded in 12-well plates (2x10 5 cells/well). After 18 h, the cells were transfected with 2 targeting SphK1 siRNA oligonucleotides or nonsilencing siRNA oligonucleotides (Qiagen AB, Sollentuna, Sweden) by using the HiPerFect Transfection Reagent (Qiagen) according to the manufacturer's protocol. After 72 h of incubation, cells were collected for western blotting and qRT-PCR analysis.
Measurement of mRNA expression level by quantitative real-time PCR (qRT-PCR).
Total RNA was extracted from tissues or cultured cells using TRIzol reagent (Invitrogen) as the manufacturer's protocol. For mRNA analyses, 1.0 µg of total RNA was used to synthesize cDNA using the RevertAid™ First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Equal amounts of cDNAs were taken for a real-time quantitative PCR (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) using SYBR-Green as a dye (Roche, Mannheim, Germany). The relative quantity of SphK1 mRNA was normalized using the 18S rRNA as control. The following primers were used: SphK1 forward primer, 5'-CTG GCA GCT TCC TTG AAC CAT-3', and reverse primer, 5'-TGT GCA GAG ACA GCA GGT TCA-3'; SphK2 forward primer, 5'-GCT CAA CTG CTC ACT GTT GC-3', and reverse primer, 5'-GCA GGT CAG ACA CAG AAC GA-3'; 18S rRNA forward primer, 5'-AAA CGG CTA CCA CAT CCA AG-3', and reverse primer, 5'-CCT CCA ATG GAT CCT CGT TA-3'. All reactions were performed in triplicate.
Sphingosine kinase assay. SphK1 activity was measured by using Sphingosine Kinase 1 Assay kit (Novus Biologicals, Littleton, CO, USA) according to the manufacturer's instructions. Firstly, protein extracts (30 µg) were incubated in reaction buffer, 100 µM sphingosine and 10 µM ATP for 1 h at 37˚C. Then, luminescence attached ATP detector was then added to stop the kinase reaction. Kinase activity was measured using BioTek Microplate Readers (BioTek, Winooski, VT, USA). The results were obtained from 3 independent experiments, each reactions were performed in triplicate.
MTT survival assay. Oxaliplatin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 100% dimethyl sulfoxide and diluted with DMEM to the desired concentration. The effects of oxaliplatin on HCC cells survival were determined by MTT (Sigma-Aldrich) assay. Cells were seeded into 96-well plates (5x10 3 cells/well) and cultured for 48 h with oxaliplatin concentrations between 0, 20, 40 and 60 µg/ml. After treatments, cells were incubated with 20 µl MTT to each well and then incubated at 37°C for 4 h. Following the incubation, MTT solution was removed and added 200 µl DMSO into each well to dissolve the formazan crystals. The plates were shook for 5 min and subjected to absorbance reading at 570 nm. Percentage of cell survival was determined as [(Mean OD of test wells-Mean OD of blank group)/(Mean OD of negative group-Mean OD of blank group)]x100%. The results were obtained from 3 independent experiments, each reactions were performed in triplicate.
Western blot analysis. For western blot analysis, cells were lysed with RIPA lysis buffer supplemented with cOmplete Protease Inhibitor EASYpacks EDTA-Free (Roche). The lysate were subject to centrifugation at 12,000 g for 10 min at 4˚C and remove the cell debris. Then, supernatant concentrations were measured by the BCA Assay kit (Beyotime Biotech, Jiangsu, China) according to the standard protocol. Sample (50 µg/lane) were separated by 10% SDS-PAGE. The separated proteins were transferred to PVDF western blot analysis membrane (Roche) and probed with rabbit anti-SphK1 (1:1,500; Abcam, Cambridge, UK), SphK2 (1:2,000; Abcam), Akt (1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), Phospho-Akt (Ser473) (1:1,000; Santa Cruz), GSK3β (1:1,000; CST, Beverly, MA, USA), Phospho-GSK3β (1:1,000; CST) and β-actin (1:1,000; CST) primary antibodies. Target protein bands visualized were detected with HRP-linked goat anti-rabbit secondary antibodies (1:2,000; Abcam).
Clonogenic survival assay. Log-phase cells were plated overnight and treated with 60 µg/ml oxaliplatin for 48 h. After treatment, cells were harvested, and 500 cells/well were plated in triplicate into 60 mm dishes. After two weeks, cells were fixed using 4% parafor-maldehyde and stained with crystal violet. The number of colonies per plate was assessed and then expressed as percent survival relative to untreated cells.
Statistical analysis. Data analyses were performed using SPSS 15.0. All data are presented as means ± SEM of a minimum of three or more replicates. P<0.05 was considered to indicate a statistically significant difference..
Results

Upregulation of SphK1 correlates with poor prognosis in HCC.
To investigate the role of SphK in HCC, we collected tumor tissues and adjacent non-tumors tissues from 21 HCC patients (Table I) , and the transcriptional levels of SphK1 and SphK2 were analyzed by qRT-PCR. Our results demonstrated that the transcriptional levels of SphK1, but not SphK2, were significantly upregulated in HCC tissues compared with that in adjacent non-tumors tissues (Fig. 1A-B) . Additionally, Kaplan-Meier survival analysis was used to further evaluate the correlations between the SphK1 transcriptional levels and prognosis in patients with HCC. The 21 patients with HCC were classified into a high expression group (n=11) and a low expression group (n=10). The result showed that patients with high SphK1 expression had significantly shorter overall survival than those with low SphK1 expression (Fig. 1C) .
SphK1 is overactivated in the oxaliplatin-resistant HCC cell lines.
On the basis of the suggested correlation between SphK and resistance to anticancer-targeted agents, we analyzed SphK1 and SphK2 expression and activity in four human HCC cell lines (Hep3B, HepG2, HCCLM3 and SK-Hep1) and normal liver cell line (HL-7702). Although both SphK1 and SphK2 isoforms are responsible for total cellular SphK activity, we found the transcriptional levels of SphK1, but not SphK2, were significantly upregulated in HCC cell lines compared with that in normal liver cell line ( Fig. 2A-B) . Similarly, SphK1 protein expression levels were significantly upregulated in HCC cell lines, especially in SK-Hep1, a high invasiveness and metastasis cell line (Fig. 2C) . To explore whether HCC cell lines resistance toward the oxaliplatin correlates with a dysregulation of the SphK1, a cell survival assay Sphk1, sphingosine kinase 1. using increasing concentrations of oxaliplatin (0-60 µg/ml) for 48 h showed a greater resistance to oxaliplatin of HCC cell lines, and found the activity of SphK1 were positively associated with resistance to oxaliplatin ( Fig. 2D-E) . Taken together, these observations suggest that the elevated levels in SphK1 expression and activity in HCC cells may associate with the oxaliplatin-resistant phenotype.
Downregulation of SphK1 decrease resistant to oxaliplatin in HCC cells.
To investigate whether downregulating SphK1 activity in HCC cells might decrease resistant to oxaliplatin, we used 2 siRNAs to deplete SphK1 in SK-Hep1 and HCCLM3 cells, and the effectiveness was analyzed by qRT-PCR and western blot analysis (Fig. 3A-B) . At the same time, SphK1 activity was also decrease in SK-Hep1 and HCCLM3 cells (Fig. 3C) . We then explored whether decreasing SphK1 activity affects SK-Hep1 and HCCLM3 cells survival and sensitivity to oxaliplatin. Compared with mock-transfected cells, both SK-Hep1 and HCCLM3 cells were less resistant to oxaliplatin by a cell survival assay analysis ( Fig. 3D-E) . Similarly, clonogenic survival of SK-Hep1 and HCCLM3 cells was also significantly compromised in SphK1-depleting cells (Fig. 3F) . These results indicate that downregulation of SphK1 make HCC cells sensitive to oxaliplatin-induced cell death.
SphK1 promotes HCC cells survival through activating
Akt/GSK3β signaling pathway. High levels of SphK1 have been related to chemotherapy drug resistance in certain cancers, which are closely related with maintaining cancer signaling pathways (17, 18) . Previous studies have shown that inhibition of SphK1 contributes to apoptosis by Akt signaling pathways (19, 20) . Therefore, we speculated whether SphK1 affect HCC cells survival in oxaliplatin through Akt signaling pathways. As shown in Fig. 4 , knockdown of SphK1 markedly suppressed the phosphorylations of Akt and GSK3β in SK-Hep1 cells, while there was no signicantly reduction in the level of Akt and GSK3β protein. Therefore, we speculate that SphK1 promotes HCC cells survival in oxaliplatin through activating Akt/GSK3β signaling pathway.
Discussion
HCC is characterized as a highly chemoresistant cancer with no effective systemic therapy. Although patients have been given surgical or locoregional therapies, they often have poor prognosis because of high tumor recurrence or tumor progression. Therefore, identifying biological markers associated with the resistance of HCC is important for providing the scientific rationale for the development of new therapeutic targets. Sphingolipid metabolites are ceramide, sphingosine, ceramide-1-phosphate (C1P), and sphingosine-1-phosphate (S1P) (9) . These lipid mediators involved in cells life as bioactive signaling molecules, for example, ceramide and sphingosine can active the apoptosis pathways whereas S1P and C1P primarily exert mitogenic effects (21, 22) . Therefore, the balance between lipid mediators has been considered as a converter determining the biological processes of cells (21, 22) . SphK1, as one of the key enzymes, regulates the ceramide/S1P conversion that contributes to determining whether a cell undergoes apoptosis or proliferates (17, 23) . Previous studies found that SphK1 is elevated in various types of cancers, functioning as an oncogene in tumorigenesis, however, little is known about the role of SphK1 in HCC progression. In the present study, we found that SphK1 is upregulated in HCC and that high expression of SphK1 significantly associated with poorer overall survival in HCC patients.
Overexpression of SphK1 may confer the development of resistance to chemotherapeutics, whereas disruption of SphK1/S1P signaling may restore or improve chemotherapy sensitivity (24) . For example, raised SphK1 has been associated with chronic myeloid leukemia resistance to imatinib and pancreatic cancer cell resistance to gemcitabine (16, 25) . Conversely, SphK1 inhibition can sensitize CML and pancreatic cancer cells to the proapoptotic effects of gemcitabine and imatinib, respectively, apparently by increasing the ceramide/S1P ratio and thereby enabling C18-ceramide-dependent apoptosis to proceed (16, 25) . Moreover, blockade of the SphK1 signaling pathway may reprogram cellular responsiveness to tamoxifen and abrogate antiestrogen resistance in human breast cancer cells (14) . Consistent with previous studies, our results found that knockdown of SphK1 by siRNA markedly surpressed the ability of resistant oxaliplatin to in HCC cells.
Although our evidence has highlighted the oxaliplatin resistence effect of SphK1 in HCC, the molecular mechanism is still unclear. To explore the mechanisms underlying the resistence effects of SphK1, we tested the effect of SphK1 on the AKT/GSK3β pathways, which have been demonstrated to be involved in tumor progression (24) . We have demonstrated in the present study that p-Akt and p-GSK3β was downregulated in SphK1-knocked down HCC cells, suggested Akt/GSK3β activation through SphK1 signaling is associated with oxaliplatin resistance in HCC cells. However, the molecular mechanism underlying SphK1-mediated activation of Akt/GSK3β pathways, as well as its biological outcome, needs to be further delineated. In addition, several other issues also remain to be addressed. For example, it would be very meaningful to know whether other pathways are also involved in mediating the resistant effect of SphK1 in HCC cells, and what other malignant phenotypes of HCC cells could also be modulated by upregulated SphK1. These issues Three days after transfection, the p-Akt, Akt, p-GSK3β and GSK3β protein expression levels were determined by western blot analysis. β-actin was used as internal control for normalization in western blot analysis. SphK, Sphingosine kinase; HCC, hepatocellular carcinoma; siRNA, small interferring RNA.. are under further investigation in the laboratory. Nevertheless, understanding the role of SphK1 in HCC progression will not only advance our knowledge of the mechanisms underlying HCC survival, but also will help establish SPHK1 as a potential therapeutic target for the treatment of HCC.
